Bone tissue engineering Hydrogel Micro computed tomography Positron emission tomography Single-photon emission computed tomography Bone morphogenetic protein 2 A B S T R A C T Bone morphogenetic proteins (BMP's) are vital for bone and cartilage formation, where bone morphogenetic protein-2 (BMP-2) is acknowledged as a growth factor in osteoblast differentiation. However, uncontrolled delivery may result in adverse clinical effects. In this study we investigated the possibility for longitudinal and non-invasive monitoring of implanted [
Introduction
The growing body of knowledge regarding the mechanisms involved in bone regeneration is enabling the development of a plethora of new biomaterials tailored to promote safe and controlled bone formation in clinical settings. This new generation of smart materials is designed to induce bone regeneration solely by its properties at lowest possible concentration of growth factors with minimum side effects [1] [2] [3] [4] [5] . Thus, there is a need for a better understanding of how the in situ activity of a smart material correlate with an in vivo response. In this context, a noninvasive methodology for visualisation and quantification of the bone healing process would be of great importance.
One such example of a non-invasive technique currently used for the clinical investigation of functional bone imaging is positron emission tomography (PET), along with computed tomography (CT) for anatomical information [6] . PET and sodium [
18 F]fluoride gives high-resolution PET images and reliable quantification of tracer uptake in bone as a measure of osteoblast activity. [ 18 F]fluoride has the ability to substitute the inorganic components of the bone matrix, namely hydroxide and phosphate, which are found at elevated concentrations at the site of active mineralisation [7, 8] . Clinically, [ 18 F]fluoride and PET-CT is often used in the investigation of malignancies in bone tissue [9] . Single-photon emission computed tomography (SPECT) is another clinical modality for bone imaging. SPECT, in contrast to PET, produces a qualitative measure of osteoblastic activity. Ventura et al. compared both techniques for monitoring of bone regeneration by using [ They concluded that PET had a higher sensitivity than SPECT when used in the detection of bone formation [10] . In addition, Ventura et al. explored the use of PET as a method to monitor the in vivo response to a calcium phosphate cement that were releasing BMP-2 in a calvarial defect model. They found that there was a positive correlation between the uptake of [ 18 F] fluoride and the volume of de novo bone [11] .
Computed tomography has been a tool for bone imaging for almost half a century and has since its development by Hounsfield et al. [12] experienced great advances with nano-size resolution imaging and temporal in vivo scanning. Bone has been the most common subject of CT scans due to its high density and the field of bone morphometric and bone development is extensively developed and standardised.
Bone regeneration is a complex process that is tightly regulated through the orchestrated release of cytokines. BMP-2 is one of the cytokines produced and released during this process [13, 14] . It has strong osteo-inductive effects, which drive the migration of osteoprogenitor cells to the site of bone regeneration, and their subsequent differentiation. These properties demonstrate its high potential as a growth factor, and therefore it is thoroughly investigated as a potential growth factor in combination with scaffolds for regenerative strategies [5, 15] .
In this proof of concept study, a commercially (TERMIRA) available hydrogel composed of hyaluronan (HA) was used to facilitate bone regeneration. We employed a novel combination of in vivo imaging modalities for evaluation of biomaterials, cytokines administered and the in situ response to enhance bone regeneration. A critically sized segmental rat femoral defect was used as a temporal in vivo model. We fused the methods of Kempen, Ventura, Lienemann and van de Watering [11, [16] [17] [18] [19] and advanced the technique to apply a tri-modal dual-isotope approach coupling SPECT and PET with traditional μCT validation.
We hypothesise that the combination of PET/SPECT/μCT could be considered for preclinical evaluation of novel smart materials on bone regeneration providing a detailed non-invasive and longitudinal monitoring of bone healing.
Materials and methods
Unless otherwise stated, all reagents were purchased from Sigma Aldrich, Stockholm, Sweden.
Radiolabeling of BMP-2
The radiolabeling was done according to the Hunter and Greenwood method using iodine-125 (I 2 ) that has a physical half-life of 59.4 days and decays 100% by electron capture [20] . In short, 10 μl of 1,5 mg/ml BMP-2 (InductOs, Medtronic BioPharma, Netherlands) was added to a low binding protein eppendorf tube (VWR, Stockholm, Sweden) followed by 18 μl of (I 2 ) iodine-125 with an radioactivity of 66,7 MBq 20 μl of Chloramine T (1 mg/ml) (Sigma, No·S-8890, St. Louis, MO, USA) was added to start the reaction. The solution was vortexed for 2 min and 20 μl of sodium metabisulfite (Sigma, No. S-8890, St. Louis, MO, USA) was added to stop the reaction, resuming the vortex mixing for two additional minutes. Phosphate-buffered saline (PBS) was added to a final volume of 500 μl and the solution was transferred to a NAP-5 column (GE Healthcare, Uppsala, Sweden) to separate the 
Hydrogel preparation
A commercial hyaluronan aldehyde-poylyvinyl alcohol (HAA/ PVAH) system previously described by Bergman et al. was kindly provided by TERMIRA (Auxigel; Termira, Stockholm, Sweden) [9] . In short, the HAA component and PVAH component were dissolved in PBS (pH 7.4) at final concentration 15 mg/ml for HAA and 4.3 mg/ml for PVAH. The HAA were sterilised through a 0.45 μm filter due to its viscous characteristics and PVAH was sterilised through a 0.22 μm filter. The amount of 25% w/v of hydroxyapatite powder (Captal, Plasma Biotal, Buxton, UK) with an average particle size of 3.39 μm and Ca/P ratio of 1.67 was sterilised by incubation at 200°C for 2 h. A 1.5 μg/μl BMP-2 (InductOs, Medtronic, BioPharma, Netherlands) stock solution in formulation buffer (2.5% glycine, 0.5% sucrose, 0.01% polysorbate 80, 5 mM sodium chloride and 5 mM L-glutamic acid, pH 4.5) was prepared according to the manufacturer's instructions. A 2:3 ratio of [
125 I]BMP-2 (0.03 μg/μl) and BMP-2 (1.5 μg/μl) was mixed,
resulting in approximately 2% of the BMP-2 being radiolabeled. The sterile material was used to prepare the HA aldehyde component (15 mg/ml of HAA and 250 mg/ml HAP) and the PVA hydrazide component (2.5 mg/ml PVAH, 250 mg/ml HAP and 0.375 mg/ml BMP-2). The components were loaded into 1 ml syringes at 3:2 volume ratios of HAA and PVAH. The syringes were connected with a sterile adapter and the components were mixed at room temperature (20°C) back and forth 30 times for 15 s, as previously described [21, 22] . As a result, 300 μl of chemically cross-linked hydrogel premix was obtained containing 1% w/v polymer, 25% w/v HAP and 0.15 mg/ml [ 125 I]BMP-2, with a radioactivity of approximately 800 KBq.
Animal model and surgical procedure
The animal study was approved by the Uppsala Committee of Animal Research Ethics (C76/13), according to the Federation of European Laboratory Animal Science Association's guidelines. The hydrogel was injected into a critically sized segmental defect in the (left femur) followed by stabilisation with an external fixator, while the intact right femur was used as paired control for each animal [23] . Male Sprague Dawley (SPRD) rats (400-450 g) were randomised into two groups. The defects were either filled with a control hydrogel carrier (n = 2) as it has previously shown no bone formation without addition of growth factors [24, 25] , or with the hydrogel combined with 30 μg of [ 125 I]BMP-2 (n = 4; 80 kBq) at a concentration of 150 μg/ml (~75 μg/ kg), which has proven earlier to induce extensive bone formation. The animals were anesthetised on a facemask with 0.3 l/min oxygen, 1-2.5% isoflurane, and 0.8 l/min nitrous oxide and placed on a 37°C heat pad during surgery (Isoba vet, Schering-Plough, USA). The left femur was shaved and sterilised with Chlorhexidine Ethanol (5 mg/ ml). One dosage of 225 mg/kg antibiotics (Zinacef, GlaxoSmithKline AB, Sweden) was given subcutaneously. The femur was exposed by making a longitudinal lateral skin incision followed by blunt dissection in-between m. vastuslateralis and m. biceps femoris. Four 0.75 mm bicortical holes were drilled (Dremel multi, Robert Bosch Tool Corporation, Germany) by placing a guide on the lateral side of the femur that was centred mid-diaphyseal using a purpose-built forceps. Each drill hole was tapped followed by insertion of 1 mm stainless steel pins. The pins were pierced through the skin and locked into an aluminium and stainless steel external fixator. An oscillating saw (Stryker total performance system, TPS sagittal saw with 5 mm saw blade) was used to create a 5 mm mid-diaphyseal defect guided by a saw guide to standardise the defect. Saline was administered to prevent tissue necrosis during the sawing. The resected bone was extracted with a clamp and debris was washed out of the defect with saline. Two sutures (Polysorb, Tyco Healthcare, Gosport, UK) were applied in the fascia layer, with the proximal left untied. The volume of 200 μl of hydrogel with a radioactivity of approximately 600 KBq and a dose of 30 μg of BMP-2 was injected into the defect, after which the second fascia (4-0 resorbable, Polysorb, Tyco Healthcare, Gosport, UK) was tied to close the bone defect compartment. The wound was closed subcutaneously and inversed transcutaneously. The defects were either filled with hydrogel alone (n = 2) or with hydrogel+[
125 I]BMP-2 (n = 4). For analgesia 0.05 mg/kg buprenorphine (Temgesic, Sheringer Plough, Brussels, Belgium) was administered subcutaneously twice daily for 3 days. Free load bearing was allowed.
In vivo imaging
2.4.1. μCT The rats were examined by μCT (SkyScan 1176, Kontich Belgium) post-surgery and at weeks 1, 3, 5, 7, 9 and 12, using source voltage: 90 kVp; current150 mA: pixel size 36 μm filter: 0.1 mm 3 ; exposure time: 150 ms; frame averaging: 1; rotation step: 0.70; field of view: 68 mm. The μCT settings were optimised to minimise the radiation dose to the animals without compromising the quality of the data analysis. The anesthetised animal (isoflurane 1.0%-2.5% in 50%/50% medical oxygen: air at 450 ml/min) was placed on a gantry bed heated through hot air to prevent hypothermia. The NRecon software was used for reconstruction. A 3 mm volume of interest was set in the middle of the defect as reference point to exclude the shaft of the femurs. Software CTAn was employed for analysis while CTvox was applied for bone imaging; all software's were from SkyScan, Bruker, Kontich, Belgium.
CT/SPECT/PET
The animals were scanned in Triumph™ Trimodality System (TriFoil Imaging, Inc., Northridge, CA, USA) after three days, and at weeks 2, 4, and 6 post surgery. The anesthetised animal (isoflurane 1.0%-2.5% in 50%/50% medical oxygen: air at 450 ml/min) was placed on a heated gantry bed to prevent hypothermia and taped to prevent large movements during the study. The breathing rate was continuously monitored with integrated sensors. CT examination was performed using an 8 cm field of view, only for anatomical correlation to confirm the animal position in the scanner with following settings; voltage: 80 kVp; current: 130 mA; exposure time: 133 s.
Next, a SPECT examination (75A10 collimators, acquisition over energy peak of 27 KeV) was performed over the same position for 30 min (32 projections, 56 s/projection). Sequentially, a dynamic PET scan over same position as in the SPECT was performed in list mode for 30 min, starting with the single bolus injection of [ 18 F]fluoride, (provided from PET Centre at Uppsala University Hospital) at a dose of 53.94 ± 6.09 MBq/kg with a molar activity in the range 200-600 GBq/μmol in a maximum volume of 500 μl, via the tail vein catheter. The animals were allowed to wake up after scans under supervision and housed under standard laboratory conditions with free access to laboratory animal food and water.
Image analysis
The CT raw files were reconstructed using Filter Back Projection. SPECT raw data was reconstructed by an ordered Subset Expectation Maximisation iterative reconstruction algorithm (8 subsets and 5 iterations) in FLEX SPECT software. PET raw data were reconstructed into 20 frames (12 × 10s, 3 × 60s, and 5 × 300 s) using maximumlikelihood expectation maximisation 2-dimensional algorithm, algorithm (10 iterations, 2 subsets). Reconstructed PET images had voxel values of (0.5, 0.5, 0.175) mm in X, Y & Z axis.
SPECT-CT and PET-CT data were fused and analysed in PMOD 3.510 (PMOD Technologies Ltd., ZRH, Switzerland). Regions of interest (ROIs), radius (r) = 3 mm, were drawn on fused PET-CT image (Fig. 1) , along transaxial view. ROIs were drawn over 4-7 consecutive sections to define volume of interest (VOI) in legs (Fig. 1 A) . Both the femur with fracture and the healthy contralateral femur had VOIs drawn ( Fig. 1 B) ; within the fracture femur 3 cylindrical VOIs (4 × 0.175 mm), one VOI over each external-fixator pin hole site i.e., at hip (Pin_hip) and knee (Pin_knee), and a VOI over the defect (Frac_leg) were drawn (Fig. 1C) For SPECT studies, a separate VOI (red) was drawn (radius (r) = 5 mm) over the fracture leg (Fig. 1 D) as a post-operative reposition of the hydrogel was observed in the defect. SPECT data were presented as percentage of retained [
125 I]BMP-2 compared to initial scan in Fig. 4 (Fig. 4A , D, G, J) and as total counts (total counts per min * volume) in Fig. 5A .
Results

Radiolabeling
The radiochemical yield of [ 125 I]BMP-2 was about 60% based on the starting amount of iodine-125. It was important to coat the NAPcolumn with BSA to avoid that BMP-2 would adhere to the column surface [26, 27] . We collected the high molecular fractions from the column and assumed that the radioactivity from this column was BMP-2 labelled with iodine-125. The assumption was confirmed by the similarity of the release profile determined by ELISA assay [3] . 18 O(p,n) 18 F, followed by separation on an ion exchange resin and formulation in a mixture of 0.1 M phosphate buffer pH 7.4/saline.
Animal model
Two out of four animals in the hydrogel + BMP-2 group could be followed through the whole experiment until week 12. The two others rats had loosening of a pin and were euthanised immediately, in order to diminish any suffering of the animal. One rat had pin failure at week 6 [rat 4] and was euthanised before the appointed PET scan, the other at week 9 [rat 2]. One of the rats that were followed through the whole 12-week period failed to be scanned at week 4 due to a breakdown of the PET scanner during scanning [rat 1]. Both controls experienced pin loosening of a pin at week 9 and were euthanised immediately.
μCT
Bone volume and tissue volume was measured using μCT. Bone formation was first observed at week 3 in the hydrogel + BMP-2 group (n = 4; mean = 7.5 ± 1.17 mm 3 ) (Figs. 2 and 3) . The hydrogel + BMP-2 group continued to increase in bone volume over time with 15.3 ± 4.43 mm 3 (n = 4) at week 5 ( Fig. 2a) , no change at week 7 (14.3 ± 1.63 mm 3 , n = 4), then again an increase at week 9 with
19.55 ± 6.39 mm 3 (n = 3) and week 12 with a range of 20.36-21.59 mm 3 (n = 2). One rat in the hydrogel+BMP-2 group was euthanised at week 6 during PET scan and another at week 9 due to problems with the external fixator. The control hydrogel reached its maximum bone volume at week 3 (n = 2; range = 0.56-0.22 mm
3
) and decreased until week 7 where no bone was detected (Fig. 2a) . One of the control rats was euthanised after week 9 due to loosening of the pins in the external fixator and the other was euthanised after week 12 and excluded from the CT analysis due to failure of the external fixator, which could not separate the bone shafts, the image is presented in Fig. 3 . The density thresholds for the total VOI volume here mentioned as tissue volume according to bone ASBMR nomenclature, included the hydrogel, which was radiopaque because of the 25% of hydroxyapatite, giving similar start values of tissue volume in the hydrogel + BMP-2 and the hydrogel alone groups at scan 1. Over time, the hydrogel degraded and the tissue volume decreased in the hydrogel alone group. The opposite response was seen, in the hydrogel + BMP-2 group, where the hydrogel was replaced by newly formed bone (Fig. 2b) . The replacement could be described by the ratio of tissue volume/bone volume where the replacement of hydrogel to bone was observed in the hydrogel + BMP-2 (Fig. 2c) . The μCT images of the hydrogel + BMP-2 and the controls revealed that the material was visible for the first week. At week 3 callus formation was noticed in the hydrogel + BMP-2 group and dense tissue was also visible in the hydrogel alone group although this dense tissue disappeared over time. In contrast, de novo bone accumulated in the hydrogel + BMP-2 group through the whole observation period (Fig. 2-3 ), which were later confirmed macroscopically (Suppl. Fig. S1 ).
PET
Osteoblast activity was examined by [ 18 F]fluoride uptake, which was measured by the net influx rate constant (K i, the overall net rate of [
18 F]fluoride uptake) assessed by PET. At the first scan (day 3) similar level of uptake was detected in all samples with no difference between hydrogel, hydrogel + BMP-2 or intact contralateral controls (< 0.05 ml/cm 3 /min). At the second scan (2 weeks), an increase was detected in both the hydrogel + BMP-2 group (0.44 ± 0.09 ml/cm 3 / min (n = 4)) as well as for the two hydrogel-alone femora, (range = 0.26-0.34 l/cm 3 /min (n = 2)). At week 4, a continuous increase was seen in the hydrogel + BMP-2 group with a K i of 0.59 ± 0.40 (n = 3) the Hydrogel group had a K i range of 0.10-0.13, (n = 2). The PET images revealed a strong osteoblast activity at the site of the defect in the hydrogel + BMP-2 group, whereas the Hydrogel group mainly showed activity at the site of the pinholes (Figs. 4 and 6 ), a VOI was placed over the pin holes in order to register the amount of activity at this site of the pin holes, which could lead to a possible spill over effect registered in the adjacent defect VOI. The pinholes did induce an elevated activity, which was seen in both groups (Fig. 4) . There was still a tenfold increase of K i in the hydrogel+BMP-2 group at week 6 (0.38 ± 0.06 ml/cm 3 /min (n = 2)) compared to contralateral bone.
PET images are presented in relative SUV scale (SUVR = 15) with respect to liver. Uptake of [ 18 F]fluoride in liver was similar in principles (50.361 ± 10.808 kBq/cc) and controls (51.828 ± 6.990 kBq/cc). Liver was used as reference tissue and PET images were normalised to SUVR 15, in other words, SUV Frac leg /SUV Liver = 15.
SPECT
In vivo [ 125 I]BMP-2 (≈600 kBq) retention was monitored by SPECT.
The hydrogel + BMP-2 had a rapid release between day 3 and 2 weeks, followed by a slower release during the following 2 weeks ( 
Discussion
In this study, we present a novel combination of in vivo modalities for evaluation of biomaterials and cytokines administered to enhance bone regeneration. A segmental femoral bone defect in a rat model proved suitable for the aim, due to its ability to retain the biomaterial at the site of injury. Thus enabling a longitudinal analysis of biomaterial replacement, cytokine retention, and the associated bone regeneration using a tri-modal dual-isotope approach combining SPECT, PET and μCT.
The choice of biomaterial to develop this proof of concept was a HA hydrogel that has been well characterised in earlier publications, demonstrating numerous advantageous properties, as further discussed below.
HA is a non-immunogenic, highly inter-species conserved molecule which, when loaded with BMP, has been successfully used to promote orthotopic and ectopic bone formation [22, 24, 25, [27] [28] [29] [30] . HA is a glycosaminoglycan that can be derived from E Coli. This recombinant form does not possess any immunogenic properties, contrary to the currently available bovine-derived collagens, which can also be used as carriers of BMPs. HA has several cell binding motifs, including CD44 (a mesenchymal stem cell receptor) and intercellular adhesion molecule-1 (involved in cell motility), which makes the material an attractive platform for cell-adhesion and proliferation. Native HA has a rapid degradation rate, with a turnover of > 10 mg per day in humans [31, 32] .
The HA hydrogel has earlier proven to release BMP-2 rapidly during the first week followed by a slower release for the remaining 3 weeks in a rat ectopic model where the thigh muscles were examined ex vivo in a gamma counter [27] . This kind of biphasic release profile can facilitate the migration of osteoprogenitor cells from the periosteum and bone marrow [33] [34] [35] [36] and the benefits of a burst release of BMP-2 from carriers has been confirmed previously [34] . Interestingly, the same initial burst of BMP signalling is evident in normal healing of fractures. Marsell et al. showed an early peak of BMP-2 mRNA expression within the first 24 h after reaming of a rat tibia, followed by a later peak after the preclinical CT/SPECT/PET camera. The defect size should be large enough to reduce the partial volume effect. The defect model itself proved suitable for imaging the material, although the metal external fixator created artefacts in the CT/SPECT/PET. In addition, the study period of 12 weeks was acceptable for the hydrogel+BMP-2 treated groups as the defect healed and the de novo bone provided satisfactory stability of the femur. This did not apply for the control group where the external fixators fatigued and failed over time. These findings emphasise and validate the segmental defect model as a critically sized defect model. Retrospectively, shorter periods between scans during the first weeks to observe the initial release of [ 125 I]BMP-2 would have been beneficial. Also, a shorter total study time could have been sufficient. In this study the duration of the scans were up to 1.5 h in the CT/ SPECT/PET, which affected the animals negatively, especially at the early time period after surgery. Hence, the ethical impact of scanning more frequently must be carefully considered against the potential benefit gained from the additional data. The BMP-2 release from this cross-linked HA was previously investigated through the use of radio-iodinated growth factor in an ectopic rat model [27] . There, the HA-hydrogel with radiolabelled BMP-2 was implanted intramuscularly in the thigh muscle. The rats were euthanised at different time points and their limbs were examined ex vivo in a gamma counter. This preceding study provided accurate measurements of the retained BMP-2 at the site of administration. However, the use of ex vivo measurements led to the need for an excessive use of animals and to individual variation between the time points [27] , which inspired us to develop the current tri-modal combination. The combination of SPECT/PET/μCT provided a detailed non-invasive longitudinal monitoring of bone healing and direct correlation to [
125 I] BMP-2 retention at the application site with the inherent advantage of reducing the number of animals and eliminating the individual variation between the time points by using each animal as its own control. The presence of the radiolabeled BMP-2 could be visualised by SPECT and rapid release was monitored between day 3 and 2 weeks post-surgery, followed by a slow decrease of the [ 125 I]BMP-2 retention until . Representative co-registered SPECT/PET/CT images of osteoblast activity in femoral defects (white arrow) filled with hydrogel + BMP-2 at day 3, week 2, 4 and 6 in a segmental femoral defect. μCT images display the bone formation in progress in close time frame to the PET/SPECT imaging. μCT scans were undertaken at day 0 and week 1, 3, 5, 7, 9 and week 12. The threshold of the image was set to include low densities in order to display the material post-surgery. PET images are presented in RGB colours as SUVR 15. Whereas, SPECT (hot iron) and CT (gray) are presented as maximum intensity projections in arbitrary units. week 4. In previous work, the authors excised and measured the iodine-125 radioactivity in all organs, including the thyroid, to confirm that the iodine-125 radioactivity was not from free [
125 I]iodide but still bound to the BMP-2 molecule. Since very small amounts of iodine-125 could be measured in the thyroid we concluded that released radioactivity most likely was in the form of [ 125 I]BMP-2 [27] .
During the same period, the in vivo response, measured as an increased rate influx constant, defined as uptake of [ 18 F]fluoride, was observed at the site of the defect using PET. This was first observed in the PET scan, two weeks after surgery and with a peak [ 18 F]fluoride uptake at week 4. A continuous uptake was seen at the site of the pinholes for the external fixator (Figs. 4-6 ). This is probably due to the mechanical stimuli from the external fixator. Our results corroborate earlier findings by Ventura et al., where the uptake of [
18 F]fluoride in calvarial defects was investigated after treatment with calcium phosphate cement discs soaked in 10 μg of BMP-2. Even though the materials are very different from each other, a similar release profile of BMP-2 between the cement and the hydrogel was described [11] . The [
18 F] fluoride uptake in the current study seemed to be directly proportional to bone regeneration as observed ex vivo (Suppl. Fig. S1 ). SPECT and PET studies were analysed until a visible fraction of 125 I-BMP-2 was observable in SPECT, to follow the BMP-2 retention and its influence on bone regeneration via [ 18 F]fluoride. There was no evident signal at week 6, implying no traces of BMP-2 at the site of surgery to boost bone regeneration. Therefore, the functional imaging was terminated after the week 6 acquisitions. However, further analysis of bone regeneration with μCT was continued to evaluate any differences in bone volume between BMP-2 induced-and natural bone regeneration. Numerous groups have confirmed that the uptake of [ 18 F]fluoride is associated with the concentration of bone-forming minerals, suggesting biomineralisation to be the sole responsible factor for the radiotracer's uptake [37] [38] [39] . Some have investigated the correlation between [ to detect micro damage due to mechanical stress in vivo and co-localised it with the damage detected by histology and autoradiography. The spots seen in PET corresponded to the in vitro autoradiography that showed accumulation of radioactive tracer that later were verified as micro cracks by microscopy [37] . The same specificity was seen in parathyroid hormone (PTH) treated osteoporotic women where PET detected higher rate of bone formation in cancellous bone, corresponding with the action of PTH, which prolongs the life and activity of present osteoblasts [39] . PET was also tested as a complement to CT in a clinical study to evaluate and visualise the vascularisation and bone formation around allografts in cemented total hip replacements, since the high density of the implant can hamper the CT of the allograft, giving no difference between the allograft and newly formed bone. In agreement with in vivo studies, an early response in terms of increased blood flow, and bone formation adjacent to the allograft was detected already at day 8 post-surgery with comparable levels to the contralateral bone first seen after one year [8] . These studies suggest PET as a preferential and reliable method to understand bone anabolism and [
18 F]fluoride uptake is indeed a measure of bone regeneration in both preclinical and clinical settings. The inorganic part of bone is composed of trace elements with the chemical formula described as (Ca, Na, Mg) 10 (PO4, HPO4, CO3) 6 (OH, Cl, F) 2 [40] . Excessive systemic exposure to fluorides can disrupt bone homeostasis resulting in changes to gene expression, cell stress, and cell death [41] . Fluoride has been used for control of crystal size and has demonstrated interference with bone formation in a dose-dependent manner [29, 42] . In the current study, the dose of fluoride injected (53.94 ± 6.09 MBq/kg) at each scan was negligible due to the high molar activity (approximately 400 GBq/μmol). The animals were investigated with [ 18 F]fluoride at 4-5 occasions and the estimated total amount of fluoride administered was < 7 ng. Thus, well below the detection limit for any effect on the bone healing process and insignificant in relation to fluoride concentrations of drinking water. The animals were exposed to radiation from all three methods. The [ 125 I]BMP-2 protein, [ 18 F]fluoride and X-rays from both the CT and μCT scanners could affect the well being of the animals. Excessive radiation of bone leads to decrease in vascularisation and in cellularity [43] . It is therefore very important to control and plan the study to minimise the number of scans. We estimated the radiation dose to keep the total exposure for each animal under 1 Gray, which is a critical dose of radiation [44, 45] . The objective for this proof of concept study was to develop a method that could be used for future monitoring and visualisation of biomaterial performance in vivo. The feasibility of the method could be demonstrated with the usage of 4 rats in the hydrogel + BMP-2 group and 2 rats as controls, all in accordance to the 3Rs [46] . Evidently, there are limitations to the current study. Considering humane versus experimental end point, some subjects had to be sacrificed earlier than planned. Thus, we chose not to perform statistical analysis due to the small number of samples. According to power calculations n = 7 repetitions per group would be necessary to obtain statistically significant data. Furthermore, the acquisition time of the PET scan (30 min) was relativity short for this type of analysis. This was a compromise in order to ensure that the animals remained healthy for continuous scans. This limitation was of minor significance, as the uptake of [
18 F]fluoride depends both on bone blood flow and on osteoblastic activity. Additionally, μCT data were used to further strengthen the conclusion rather than solely depending on the PET data. Interestingly, this method revealed, in the controls, an initiation of a healing process at week 2 and 4, with elevated [ 18 F]fluoride uptake, confirmed by a display of denser tissue in μCT at week 3 (Figs. 2b, 3 and  6 ). As expected, healing of the controls failed and dense tissue was absent at week 4. To the authors' knowledge, this is the first time the start of a healing process in an empty critical size defect has been detected, which emphasises the importance of sequential models.
The ability to reveal temporal events of the biomaterials in situ is the most obvious advantage of this tri-modal in vivo model. Henceforth this method will be employed to monitor growth factor retention of tuneable smart materials [3, 47] , implementing comparative studies with sample numbers estimated by power calculus.
In our current investigation, a rapid burst release of the [ 125 I]BMP-2 was observed from the hydrogel + BMP-2, which would have required shorter time frames between the first scans to be able to adequately observe the [ 125 I]BMP-2 release of this particular material. However, the time points were suitable for observing the in vivo response to the material by PET, demonstrating an elevated uptake of [ 18 F]fluoride between week 2 and 6, with mineralisation depicted in the CT, proportionate to the uptake of fluoride observed in the PET studies. From this study, it was clear that a compromise is needed between the use of enough time points to be able to follow the release profile of the material and at the same time keep the radiation dose to a minimum. The potential use of this model in clinical settings can be discussed, but this in vivo preclinical model can be used to identify the optimal timing for effective delivery of osteogenic factors and to visualise the in situ action of selected biomaterials.
Conclusion
We have developed a functional, non-invasive imaging method that allowed visualisation of the in vivo release of PET and μCT, in terms of bone regeneration. This double-isotope approach with tri-modal visualisation could be highly applicable in several disciplines in regenerative medicine allowing a temporal monitoring of biomaterials' in situ action. We suggest that the potential of this novel technique should be considered for preclinical evaluation of novel smart materials for bone regeneration.
